Summary We evaluated the associations between dual energy X-ray absorptiometry (DXA) and histologically determined cancellous and cortical bone volume by controlling for vascular calcifications and demographic variables in hemodialysis (HD) patients. Femoral bone mineral density (f-BMD) was associated with cortical porosity.
Outcomes and Practice Patterns Study, the authors found a 7% increased risk of hip fracture per year of dialysis treatment [2] . Most recently, low bone mass has also been shown to be associated with increased cardiovascular calcifications in non-CKD and CKD patients [3, 4] . In light of the high mortality associated with fractures and cardiovascular disease in CKD [5, 6] , noninvasive methods for assessing bone mass in this patient population is of great clinical importance.
Dual energy X-ray absorptiometry (DXA) is the most widely used tool for assessment of bone mass in the general population [7, 8] . However, DXA measures not only the mineral content of bone but also of the surrounding soft tissue [9, 10] limiting the interpretation of results [11] . CKD-5 patients represent a unique population particularly prone to developing soft tissue and vascular calcifications [12, 13] . Therefore, overestimation of bone mineral density (BMD) by anterioposterior (AP) lumbar DXA represents a great problem in these patients; this limitation should be less pronounced but not excluded in femoral DXA measurements [14] . Overall, studies evaluating the role of BMD determination by DXA for assessment of fracture risk in CKD-5 patients report conflicting results [15] [16] [17] [18] .
In order to guide appropriate therapeutic interventions, characterization of the relationship between DXA measurements and histologically determined bone volume in CKD-5 patients is desirable. In an early study, Lindergard and colleagues could not find a correlation between BMD measured at the radius (consisting primarily of cortical bone) and histologically determined bone volume at the iliac crest of CKD-5 patients (cancellous bone) [19] . In contrast, a more recent study in CKD-5 patients reported that hip and spine Tscores were associated with histologically determined bone volume at the iliac crest [20] . In light of these conflicting results, we evaluated the associations between BMD measured by DXA at the spine and femur and histologically determined bone volume in cancellous bone (bone volume/ tissue volume) and in cortical bone (cortical width and cortical porosity) in CKD-5 patients. Moreover, vascular calcifications were assessed by multislice computed tomography (MSCT) and adjusted for in statistical analyses.
Materials and methods

Study design
This study investigates the association between BMD measured by DXA at the hip and spine and histologically determined parameters of bone volume in cancellous and cortical bone in a cross-sectional study design. In addition, vascular calcifications were measured by multislice computed tomography at the thoracic aorta and the coronary and iliac arteries and were adjusted for in the analyses. The protocol was approved by the Institutional Review Boards of participating institutions. The study has been conducted in adherence to the Declaration of Helsinki, and all patients provided informed consent.
Patients
Thirty-eight white stage 5 CKD patients on hemodialysis were recruited from 11 medical centers in Portugal. All patients provided informed consent for performing DXA measurements, bone biopsies, and multislice computed tomography. DXA measurements were performed at time of bone biopsy and patients underwent multislice computed tomography on average 3.8±1.9 months after the bone biopsy.
Inclusion criteria These are age 18 years or older, dialysis duration of at least 3 months, mental competence, and willingness to participate in the study.
Exclusion criteria These are kidney transplant; pregnancy; uncontrolled systemic illnesses or organic diseases with potential influence on bone metabolism such as diabetes mellitus, active or chronic liver disease, malabsorption, malignancy, and thyroid dysfunction; history of or present treatment with bisphosphonates, fluoride, calcitonin, glucocorticoids, or other immunosuppressive agents, hormone replacement therapy, and selective estrogen receptor modulators; and chronic alcoholism and/or drug addiction.
Bone biopsies
Anterior iliac crest bone biopsies were performed under local anesthesia and conscious sedation. Bone samples were obtained with the one-step electrical drill technique (Straumann Medical, Waldenburg, Switzerland). Bone samples were processed undecalcified and cut avoiding cracks or overlaps of bone tissue. Sections were stained with the modified Masson-Goldner trichrome stain [21] , the aurin tricarboxylic acid stain [22] , and solochrome azurin [23] , assessment of stainable aluminum, and modified Gomori stain for detection of iron [24] . Unstained sections were prepared for phase contrast and fluorescent light microscopy. Histomorphometric analysis of bone was done at standardized sites in cancellous (×200 magnification) and cortical bone (×80 magnification) using the semi-automatic method (Osteoplan II, Kontron, Munich, Germany). For cancellous bone, the volume of bone trabecules (BV) and total tissue volume (TV) were traced and bone volume/total volume (BV/TV) was calculated for assessment of mineralized trabecular bone volume. For cortical bone, cortical width was measured; cortical porosity was determined by tracing the total cortex and all Haversian canals and computing the ratio between canal area over total cortical tissue area.
Results were compared to our normative database consisting of histomorphometric results of age-and gendermatched healthy individuals [25, 26] . "Low" cancellous bone volume was defined as BV/TV <16.8%, "normal" as BV/TV between 16.8% and 22.9%, and "high" as BV/TV >22.9%. Cortical width was considered "low" for values <0.52 mm, "normal" for values between 0.52 and 1.65 mm, and "high" for values >1.65 mm. Cortical porosity was classified "low" for values <1.9%, "normal" for values between 1.9% and 12%, and "high" for values >12%. All bone samples were processed and analyzed without knowledge of the clinical data at the Bone Diagnostic and Research Laboratory, University of Kentucky, Lexington, KY, USA.
Bone mineral density DXA was performed by the same operator on the same Hologic QDR Discovery scanner according to the manufacturer's recommendations for patient positioning, scan protocols, and scan analysis. Measurements of the spine and hip were obtained from the AP projection. For AP lumbar spine, lumbar vertebrae 1 to 4 were measured and BMD results were analyzed for mean measurements of L1-L4. For proximal femur scans, BMD was measured at the femoral neck. The coefficients of variation for these BMD measurements are AP spine 1.2% and femur 0.9%.
Assessment of vascular calcifications
Vascular calcifications were assessed at the thoracic aorta and coronary and iliac arteries by a quantitative score using MSCT. MSCT scans were performed on the model Somatom Volume Zoom (Siemens AG, Erlangen, Germany). Slices of 2.5 mm thickness were acquired under the following conditions: 120 kVp, 130 mAs, and 0.5 gantry rotation time. All images were transferred to a workstation and analyzed with calcium scoring software (HeartView CT, Siemens AG, Erlangen, Germany). Quantification of vascular calcifications was performed by calculating the Agatston score based on the maximum X-ray attenuation coefficient (measured in Hounsfield units) [27] .
Biochemical measurements
Blood was drawn at the time of the bone biopsy after an overnight fast. The following biochemical parameters were measured: serum calcium and phosphorus by an autoanalyzer (Hitachi 747, Globe Scientific Inc, USA), intact parathyroid hormone (iPTH) by DPC IMMULITE® PTH IRMA from Diagnostics Products Corporation (Los Angeles, CA, USA; normal range 16-87 pg/ml; intra-and interassay coefficients of variation <7% and <9%), and 25-(OH)-vitamin D by LIAISON® 25-OH Vitamin D assay (Diasorin, Saluggia, Italy; normal range 25-100 ng/ml; intra-and interassay coefficients of variation 4.1% and 7%).
Statistical analysis
Descriptive statistics are presented as means, medians, minimums, maximums, and standard deviations (SDs). The variables iPTH and hemodialysis (HD) duration were logtransformed for analysis. Boxplots were used to characterize the distributions of BV/TV, cortical width, and cortical porosity. Bivariate associations were assessed using scatter plots, nonparametric Spearman rank correlations, locally weighted regression, and generalized additive models to characterize the associations between femoral/lumbar BMD and cortical porosity, cortical width, and BV/TV. Linear regression analyses were performed to evaluate possible relationships while controlling for relevant measured correlates. All calculations were performed using the R statistical package (R Foundation for Statistical Computing, Vienna, Austria) and SAS version 9.1 (SAS Institute Inc., Cary, NC, USA).
Results
Characteristics of the study population are presented in Table 1 . All patients were receiving phosphate binder therapy (58% sevelamer hydrochloride, 42% calcium acetate) and 19 patients (50%) were treated with active vitamin D analogs. None of the patients were treated with a calcimimetic agent. There were no clinically symptomatic fractures prior and during the study.
In cancellous bone, BV/TV was low in 16%, normal in 24%, and high in 60% patients. In cortical bone, cortical porosity was low in 3%, normal 40%, and high in 57%, and cortical width was low in 8%, normal 89%, and high in 3%. None of the biopsies showed positive staining for aluminum or iron.
DXA results are reported as "measured bone mineral density" (in grams per centimeter squared). The correlation between lumbar and femoral BMD measurements was r= 0.49 (P=0.01).
Femoral bone mineral density
Unadjusted analysis of the association between femoral BMD and cortical porosity revealed a correlation coefficient r=−0.20 (P=0.24). When adjusted for different Agatston score groups, no statistically significant effects of the different vascular calcifications sites were found. In the final model, a forward predictor selection routine identified femoral BMD (point estimate −157.49; P= 0.005), age >50 years (point estimate −8.37; P=0.001), and HD duration (point estimate −25.44; P=0.005) as being associated with cortical porosity (Table 2 ). Further statistical analysis recognized a statistically significant interaction between femoral BMD and HD duration (point estimate 32.48; P=0.01): independent of age group, cortical porosity increased as femoral BMD decreased, and this increase in cortical porosity was more rapid for patients with shorter HD duration (Fig. 1) .
Unadjusted correlation analysis of femoral BMD and cancellous bone volume (BV/TV) yielded r=−0.06 (P= 0.73). While age, gender, and HD duration were not predictive of cancellous bone volume (BV/TV), the model containing femoral BMD and coronary Agatston score >100 revealed a statistically significant negative association (point estimate −4.93; P=0.03); this association was, however, lost when the model was adjusted for age and gender.
When examining a possible association between femoral BMD and cortical width, unadjusted (r=0.004; P=0.98) and adjusted analyses (models containing age, gender, HD duration, and vascular calcifications) did not yield any significant predictors.
Lumbar bone mineral density
In unadjusted analysis, the correlation between lumbar BMD and cancellous bone volume (BV/TV) was not statistically significant (r=−0.1; P=0.53) and remained statistically nonsignificant when the model was adjusted for gender, age, and HD duration (P>0.05 for all variables). Similar results were found for the correlations between lumbar DXA and cortical width/porosity (r=−0.09, P= 0.60; r=−0.15, P=0.39, respectively) and adjusted models (gender, age, HD duration, all variables P>0.05).
In the next analytical step, the model was adjusted for Agatston scores measured at the thoracic aorta, coronary artery, or iliac artery. For this purpose, patients were classified according to an Agatston score cutoff of 100 (≤100 versus >100). Regression modeling revealed that only coronary Agatston score >100 showed borderline significant negative association with lower cancellous bone volume (BV/TV) (point estimate −4.14; P=0.055) but this association was lost when the model was also adjusted for gender and age.
Conclusions
The National Institutes of Health consensus conference on "Osteoporosis prevention, diagnosis and therapy" defines osteoporosis as a systemic disease of impaired bone strength [28] . Clinically and in specific populations, the diagnosis "osteoporosis" is defined on the basis of standardized BMD levels (T-score≤−2.5 SD) determined by DXA at the spine, hip, or forearm [29] . In the case of patients suffering from CKD, the use of this traditional approach to diagnose osteoporosis is problematic since all forms of renal bone disease may be accompanied by low BMD [30, 31] , and erroneously high BMD measurements due to vascular/soft tissue calcifications-which are commonly encountered pathologic findings in CKD patientsare known problems of anterioposterior DXA projections [32] . Accordingly, it has been proposed that, currently, the only way to establish the diagnosis of osteoporosis in patients with stage 5 CKD is the histomorphometrical finding of low bone volume [33] . Based on these observations, we selected not to classify our patients according to specific scores but to evaluate the association between measured bone mineral density (expressed in grams per centimeter squared) at the lumbar and femoral sites and histomorphometric determinants of cancellous bone volume (BV/TV) and cortical bone volume (cortical width and cortical porosity). Furthermore, we adjusted our models for Agatston scores measured by multislice computed tomography.
Our study results corroborate previous observations regarding lack of associations between histologically determined cancellous bone volume (BV/TV) and BMD measurements reported in CKD patients (creatinine clearance 10-78 ml/min) [34] and expand those findings to stage 5 CKD patients on hemodialysis. The usefulness of iliac crest bone biopsies for assessment of bone changes in the femur has been reported in patients requiring total hip replacement [35] . Although there is paucity of data regarding the association between cortical bone and fractures in CKD patients, the role of increased cortical porosity and decreased cortical thickness in femoral neck fractures has been described in the general population [36] [37] [38] . A novel finding of our study is the statistically highly significant association between cortical porosity and femoral BMD in stage 5 CKD patients that persisted after statistical adjustments. Since cortical changes of the femoral neck contribute to the risk of hip fractures [38] and fractures of the axial skeleton are highly prevalent in stage 5 CKD patients [39] , our findings suggest a possible clinical role of femoral DXA measurements for identifying stage 5 CKD patients on hemodialysis at risk for fracture. The stronger association between femoral BMD and cortical porosity at shorter HD durations implies that additional factors present after longer HD vintage such as more extensive soft tissue calcifications will limit the value of femoral BMD for assessing cortical porosity as dialysis vintage progresses.
We would like to acknowledge the following limitations of our study: Goal of our study was not the comprehensive evaluation of all risk factors for hip fractures in stage 5 CKD patients but to investigate the role of DXA measurements for assessing histological parameters of cancellous (BV/TV) and cortical bone volume (cortical porosity and cortical width). In order to limit the influence of potentially confounding variables of bone metabolism and vascular calcifications, we imposed strict inclusion and exclusion criteria for study participation; accordingly, our findings call for larger population-based studies to validate a possible role of femoral BMD measurements by DXA including hip structural analysis for assessing bone fracture risk not only in stage 5 CKD patients on different dialysis modalities but also to include patients suffering from different levels of CKD as well as CKD patients with previous fractures. Future large age-matched populationbased studies will also need to answer the question on differences in bone volume between healthy and CKD patients.
In summary, our data suggest a role for femoral DXA measurements to assess cortical porosity in stage 5 CKD patients on hemodialysis. Anterioposterior lumbar measurements by DXA do not yield information useful for assessment of cancellous bone volume (BV/TV) that has been shown to be associated with coronary calcifications [4] . In light of the high morbidity and mortality of stage 5 CKD patients, future prospective clinical studies will need to further characterize the role of this relatively inexpensive and widely available clinical tool (DXA) for assessment of clinical outcomes such as fractures.
